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SNAREs were recently reported. 
Conversely, in adipocytes, large lipid 
droplets can fragment as an early 
response to hormonal stimulation.
How do lipid droplets interact with 
other structures? Not yet clear! Lipid 
droplets in many cells are dynamic, 
and move in a microtubule-dependent 
manner. However, in other cases they 
seem to stay associated with the ER. 
In yeast, lipid droplets can snuggle up 
to peroxisomes, delivering fatty acids 
for β-oxidation. Proteins involved in 
membrane trafficking, such as Rab18, 
can be present on lipid droplets, and the 
trafficking regulator Arf1 binds ADRP, 
an abundant lipid droplet protein in 
many mammalian cell types. Interaction 
of lipid droplets with organelles of the 
secretory and/or endocytic pathways 
could function in lipid delivery.
How are stored fats released from 
lipid droplets? Triacylglycerides are 
catabolized by sequential cleavage of 
acyl chains from the glycerol backbone, 
releasing free fatty acids and generating 
diacylglyceride and monoacylglyceride 
intermediates along the way. Lipid 
turnover in adipocytes is highly 
regulated by hormonal stimulation. 
Abundant lipid droplet surface proteins 
called perilipins regulate the association 
of the cytosolic enzyme  
hormone-sensitive lipase (HSL) with 
lipid droplets. Under basal conditions, 
perilipins inhibit HSL binding to lipid 
droplets, slowing triacylglyceride 
hydrolysis. By contrast, perilipins greatly 
stimulate lipolysis following hormonal 
stimulation by recruiting HSL to lipid 
droplets, and/or by activating the lipase 
once on the lipid droplet surface. Protein 
kinase A mediates these effects by 
phosphorylating both perilipins and HSL 
in response to hormonal stimulation.
Because HSL is so highly regulated, 
it was surprising to learn recently that 
another enzyme, adipose triglyceride 
lipase (ATGL), actually catalyzes the 
first step in triacylglyceride turnover in 
adipocytes, generating diacylglycerides. 
HSL turns out to work downstream, 
hydrolyzing diacylglycerides generated 
by ATGL. Unlike HSL, ATGL is widely 
expressed among mammalian cell types 
and other eukaryotes. ATGL orthologs 
play key roles in triacylglyceride 
turnover in Drosophila and yeast. ATGL 
is not phosphorylated by protein kinase 
A, but is instead activated by CGI-58, 
which is structurally similar to lipases 
but lacks catalytic activity. Mutations 
in genes encoding ATGL and CGI-58 
cause distinct neutral lipid storage 
diseases, highlighting the key role of 
these proteins in lipid metabolism.
What about other cell types? 
Hormonal control of lipolysis is largely 
restricted to adipocytes, and the tissue 
distribution of HSL and perilipins is also 
highly restricted. However, modulation 
of the activity and association of 
cytosolic lipases with lipid droplets 
is likely to be a general strategy for 
regulating lipid turnover. Other proteins 
in the same family as perilipins are 
abundant on lipid droplets in many 
mammalian cell types. Two of these 
(ADRP and TIP47) are ubiquitously 
expressed, while the others have more 
restricted expression patterns (S3-12 
is mostly in adipocytes, and MLDP/
OXPAT in oxidative tissues, especially 
heart and slow-twitch muscle). These 
proteins may regulate access of 
lipases to the lipid droplet surface, just 
as perilipins do in adipocytes under 
basal conditions. Lipid droplets in the 
seeds of oil seed plants are coated 
with oleosins, unique proteins with 
extended hydrophobic domains that 
penetrate deep into the lipid droplet 
core. Oleosins prevent lipid droplet 
aggregation under drought conditions.
Why do pathogens like lipid 
droplets? Two very different human 
pathogens — Chlamydia trachomatis 
and hepatitis C virus — rely on host cell 
lipid droplets. C. trachomatis recruits 
aberrant lipid droplets to the intracellular 
inclusion that surrounds the bacteria. 
Inhibition of lipid droplet synthesis 
severely inhibits bacterial replication. On 
the viral front, hepatitis C core protein 
is targeted to lipid droplets, where 
it nucleates virus particle assembly. 
Disruption of lipid droplet targeting 
inhibits virus production. In both cases, 
the basis of the surprising requirement 
for lipid droplets remains a puzzle.
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Secreted signals play a central role 
in the development of animals, 
coordinating the growth and patterning 
of the cellular assemblies of which they 
are composed. Identifying these signals 
and elucidating their mechanisms 
of action has been a major focus of 
developmental biology over the past 
two decades. It is now clear that the 
development of most metazoans is 
underpinned by just a few families of 
secreted signalling molecules, one 
of which comprising the Hedgehog 
(Hh) proteins. Originally identified in 
the fruit fly, Drosophila melanogaster, 
genes encoding Hh proteins have 
subsequently been characterised in 
a multitude of species, ranging from 
sponges to humans. Not surprisingly, 
given their key role in developmental 
processes, the aberrant activity of the 
pathway that transduces Hh signals has 
been implicated in a variety of cancers, 
making it a prime target for therapeutic 
interventions.
Hh signalling mediates a plethora 
of processes during embryonic 
development and, subsequently, in 
tissue homeostasis. In some instances, 
Hh acts to control a binary cell-fate 
decision, in others Hh specifies multiple 
cell fates across an entire field of cells. 
In the zebrafish embryo, for instance, 
the Hh homologue, Sonic hedgehog 
(Shh), is secreted by the axial midline 
structure known as the notochord and 
acts on immediately adjacent muscle 
progenitor cells, programming them to 
differentiate into slow-twitch muscle 
fibres rather than the fast-twitch  
fibres to which the remaining myogenic 
progenitors will give rise. By contrast, 
the same notochord-derived Shh 
protein becomes distributed in a 
gradient across the ventral half of the 
neural tube where it acts in a  
dosage-dependent manner to specify 
a range of distinct neuronal cell types 
(Figure 1). In the former context, the 
signal often needs to be spatially 
restricted close to its source, whilst in 
the latter it must spread over many cell 
diameters. The execution of the wide 
repertoire of processes controlled by 
the same Hh proteins depends upon 
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the properties of the signalling 
system in different developmental 
contexts. The aim of this primer is 
two-fold: first to give some insight 
into the parameters that shape the 
distribution of Hh signalling activity 
and second to provide an overview of 
the current understanding of the signal 
transduction pathway underlying the 
response of cells to these signals. 
The most notable and indeed unique 
feature of all Hh proteins is their 
covalent carboxy-terminal coupling to 
cholesterol. This modification occurs 
during the proteolytic cleavage reaction 
that converts the ~45 kD precursor 
forms of the proteins into ~20 kD  
amino-terminal signalling fragments; 
these then undergo a further lipid 
modification through the linkage 
of palmitic acid to their amino-
terminal ends. Although such dual 
lipid modification of Hh proteins can 
promote their retention in the plasma 
membrane of cells, cholesterol  
coupling has, paradoxically, been 
shown to be crucial for the  
long-range activity of Hh proteins. A 
key feature of long-range signalling is 
the specification of different cell fates 
in response to distinct threshold levels 
of Hh activity. Therefore, it is not just 
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Figure 1. Distinct modes of Hedgehog signal-
ling in vertebrate embryos.
The notochord (filled blue circle) is the axial mid-
line structure that act as an organising centre in 
vertebrate embryos: in the zebrafish embryo, 
Shh acts at short range on muscle progenitors 
immediately adjacent to the notochord (red 
filled circles), inducing them to become slow-
twitch muscle fibres whilst the remaining pro-
genitors (grey circles) will give rise to fast-twitch 
fibres. In the overlying neural tube, by contrast, 
a dorso-ventral gradient of Shh protein (blue 
shading) is established, leading to the specifi-
cation of distinct neuronal cell types (indicated 
by the different coloured circles) in response to 
the differing levels of Shh activity.the range but also the distribution of Hh 
activity that is critical in these contexts. 
Removal of the cholesterol moiety from 
Hh disrupts the distribution of signalling 
activity by allowing the rapid and 
unfettered spread of the protein from its 
source. This means that the signalling 
activity becomes dissipated, so that 
the distinct threshold levels required 
to induce multiple cell fates cannot be 
established (Figure 2). Thus, coupling to 
cholesterol is critical for the controlled 
movement of Hh protein through 
assemblies of cells, allowing the 
appropriate spatial profile of signalling 
activity to be established. 
The release of lipid-modified Hh from 
cells requires the activity of Dispatched 
(Disp), a multipass transmembrane 
protein. Disp may also act to promote 
the assembly of Hh protein into 
multimeric micelle-like complexes or its 
incorporation into lipoprotein particles. 
Both of these entities have been 
proposed to facilitate the movement of 
Hh molecules away from secreting cells, 
a process that also seems to require 
interaction between the  
lipid-modified protein and heparan 
sulphate proteoglycans (HSPGs). 
Variation in the composition and levels 
of the latter between tissues could 
provide an additional mechanism for the 
context dependent modulation of Hh 
signalling.
Another important means of 
controlling the range of Hh signalling is 
through the establishment of a  
negative-feedback loop: Hh causes 
upregulation of the expression of its 
transmembrane receptor, Patched (Ptc) 
and, in vertebrates, a second  
membrane-spanning Hh-binding 
protein, Hip, both of which sequester 
the signal and increase its receptor-
mediated endocytosis. In this way, 
Hh-responding cells can attenuate the 
spread of the signal, an effect that can 
in principle be tuned by modulating both 
the rate of endocytosis and the strength 
of the transcriptional response of the Ptc 
and Hip genes to Hh pathway activity. 
How do Hh proteins elicit their 
biological effects? In most of the 
contexts in which they have been 
studied, exposure of cells to Hh proteins 
results in the transcriptional activation 
of specific target genes. In some cases, 
target genes, such as Ptc, form part 
of a feedback system that tunes the 
cellular response and modulates the 
range of the signal, while in others the 
target genes control the proliferation 
or differentiation of responding cells. Although there is some evolutionary 
variation in the mechanisms by which 
the Hh signal is transduced from the 
cell membrane to the nucleus, the 
central core of the signalling pathway 
has been highly conserved from fruit 
flies to humans (Figure 3): reception 
of the Hh signal involves its physical 
interaction with the Ptc protein, which 
like Disp, with which it shares significant 
sequence identity, is a multipass 
transmembrane protein. The interaction 
of Hh with Ptc is promoted by its binding 
to two other transmembrane proteins, 
known as Ihog and Boi in Drosophila or 
Cdo and Boc in vertebrates. In contrast 
to Ptc, these have only one  
membrane-spanning domain and 
extracellular domains containing 
immunoglobulin (Ig) and fibronectin type 
III repeats, a domain structure similar to 
that of axon guidance receptors of the 
Robo and DCC families. Unusually for 
a signal receptor, Ptc is not activated in 
response to ligand binding but rather 
is suppressed by its interaction with 
Hh. In its unbound state, Ptc represses 
the activity of another transmembrane 
protein, Smoothened, a divergent 
member of the G-protein-coupled 
receptor superfamily, which is obligate 
for transduction of the Hh signal across 
the plasma membrane and into the cell. 
Thus, Hh activates Smo by binding to 
and inactivating Ptc (Figure 3).
Once activated, Smo promotes the 
expression of Hh target gene expression 
by modulating the activity of members 
of the Gli family of transcription factors. 
In Drosophila, a single Gli protein 
known as Ci (for cubitus interruptus, 
the mutation through which it was 
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Figure 2. Effect of cholesterol coupling on the 
distribution of Hh signaling activity across a 
cellular field.
The controlled movement of the cholesterol 
coupled protein (HhNp) away from its source 
creates a graded distribution of the protein (red). 
Movement of unmodified HhN, by contrast, is 
unconstrained, resulting in its rapid movement 
away from the source: this causes a sharp de-
cline in concentration close to the source and a 
relatively uniform low level distribution across 
the field of cells.
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Figure 3. ‘Core’ components of the Hh signal transduction pathway.
Only components that have highly conserved functions between arthropods and vertebrates are 
shown. Proteins that activate the pathway are shown in green, while those that repress the pathway 
are shown in red. In the absence of the Hh signal (A), Ptc represses Smo activity; in the absence 
of Smo activity, the levels of Gli-R (repressor) activity outweigh those of the Gli-A (activator) and 
Hh target genes are repressed. When cells are exposed to the signal (B), binding of Hh to the 
co-receptors Cdo and Boc mediates its interaction with Ptc, leading to inactivation of the latter 
and the consequent activation of Smo. This results in a shift in the balance of Gli-R and Gli-A forms 
such that the latter predominates and activates the Hh target genes.discovered) controls Hh target gene 
expression. Ci is bi-functional and has 
both a transcriptional activator domain 
and a transcriptional repressor domain 
that flank the central sequence-specific 
DNA-binding domain composed of 
five zinc fingers. In the absence of Hh 
pathway activity, the carboxy-terminal 
activation domain is cleaved from 
the protein, yielding a truncated form 
that enters the nucleus and represses 
target gene transcription. Activation 
of Smo blocks Ci processing, allowing 
the full-length form of the protein to 
accumulate, enter the nucleus and 
activate target genes. In vertebrates, 
these opposing activities of Ci are 
distributed between three related Gli 
proteins; only two of these undergo 
cleavage in a manner analogous to the 
Drosophila Ci protein, while the third, 
Gli1, acts exclusively as an activator 
that amplifies the transcriptional 
response once it is initiated. The relative 
levels of Gli activator and repressor 
activities present in a cell determine 
which Hh target genes are expressed. In 
this way, different levels of Hh signalling 
activity can elicit distinct patterns of 
gene expression and hence distinct cell 
identities. However, to date only a small 
number of Hh target genes have been 
characterised in detail.While the core components of the 
signalling pathway have been highly 
conserved, the way in which Smo 
activity shifts the balance of Gli activities 
in favour of Hh target gene activation 
has diverged to some extent between 
species. An important step in this 
process, both in flies and vertebrates, 
is the sequential phosphorylation of Gli 
proteins by three protein kinases, PKA, 
CK1 and GSK3; these modifications 
prime the Glis for ubiquitination, 
targeting them to the proteasome where 
they are cleaved. In Drosophila, the 
phosphorylation of Ci is promoted by 
its interaction with Costal-2, a kinesin-
like protein that acts as a platform onto 
which the three kinases are recruited, 
bringing them into close proximity with 
Ci (Figure 4). In addition, Cos-2 binds 
to the intracellular, carboxy-terminal tail 
of Smo, thereby creating a physical link 
between the Hh transducer and the Ci 
modification machinery. Activation of 
Smo by the Hh signal causes a change 
in conformation of its carboxy-terminal 
tail and promotes the release of  
full-length Ci from Cos-2. Exactly 
how this is achieved remains unclear, 
but it seems to involve the activity of 
another serine/threonine kinase named 
Fused, which phosphorylates Cos-2 in 
response to Smo activation (Figure 4).  The release of Ci from the Cos-2 
complex abrogates Ci phosphorylation 
and ensuing cleavage, making the 
full-length protein available for entry 
into the nucleus. Nuclear import of Ci 
is further attenuated by its interaction 
with another cytoplasmic protein, 
SuFu, though this function is essentially 
redundant in the presence of Cos2.
Although processing of the 
vertebrate Gli proteins is also regulated 
by their phosphorylation, there is no 
evidence that an orthologue of Cos2 
provides a platform for this process, 
at least not in mammals. Rather, Gli 
processing seems to occur in primary 
cilia, microtubule-based organelles that 
project from the surface of the cells 
of all metazoans. Analyses of mouse 
mutants lacking components of the 
intraflagellar transport machinery (IFT) 
that are essential for the assembly and 
maintenance of cilia have shown that 
these components are also necessary 
for the generation of the repressor 
forms of Gli proteins, rather as Cos2 
is required for the generation of the 
repressor form of Ci. At the same time, 
production of the fully active forms of 
Glis in response to Hh signalling, which 
in flies requires Cos2, also appears to 
occur in cilia. Thus, the primary cilia 
seem to be the functional homologue of 
Cos-2 in mammalian cells. Remarkably, 
Smo, which in the absence of Hh 
signalling is largely sequestered in 
intracellular vesicles, relocalises to 
the primary cilia of mammalian cells 
when they are exposed to Hh. Exactly 
how activated Smo engages with the 
Gli proteins once it reaches the cilia 
is currently unclear. One possibility is 
that it interacts with the Su(fu) protein, 
which also accumulates in the primary 
cilia and, in contrast to its Drosophila 
counterpart, is absolutely essential for 
the suppression of the activating forms 
of the Gli proteins. 
Relocalisation of Smo to the cilia 
of mammalian cells in response 
to Hh signalling is paralleled by its 
accumulation in the plasma membrane 
of Drosophila cells. In both cases, 
the changes in the Smo subcellular 
localisation seem to be critical for its 
activation and are brought about by 
the inhibition of Ptc activity by Hh. 
This control of Smo localisation and 
activation does not involve a direct 
physical interaction between the two 
proteins and is non-stoichiometric. Ptc 
has significant homology to another 
multipass transmembrane protein, called 
NPC1, which is involved in cholesterol 
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An intrinsic feed-
forward mechanism 
for vertebrate gaze 
stabilization
Denis Combes1, Didier Le Ray1, 
François M. Lambert2,  
John Simmers1 and Hans Straka2
Accurate perception of the visual 
world plays a major role in animal 
survival. All vertebrates, whether 
running, swimming or flying, are 
confronted with the effects of their 
locomotor actions on the ability 
to perceive their surrounding 
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Figure 4. Control of Hh target gene transcription by Ci.
In the absence of Hh (left), phosphorylation of the full-length, transcription-activating form of Ci 
(CiA) by kinases in the Cos-2 complex, results in recruitment of the F-box protein Slimb that pro-
motes ubiquitination of CiA and its partial proteolysis by the proteasome to yield the truncated, 
repressor form, CiR. Hh promotes dissociation of the Cos2 complex (right), in part through Fu-
mediated phosphorylation of Cos2, protecting CiA from phosphorylation and hence proteolysis. 
Association of CiA with SuFu modulates its entry into the nucleus.environment [1]. The potential 
consequences of self-generated body 
motion include head movements that 
cause retinal image displacement 
with a resultant degradation of 
visual information processing. In 
order to maintain visual acuity 
during locomotion, retinal image 
drift must be counteracted by 
dynamic compensatory eye and/or 
head-adjustments that derive from 
sensory-motor transformations of 
vestibulo-ocular, optokinetic and 
proprioceptive inputs [2]. Here 
we report that efference copies of 
rhythmic neural signals produced 
by locomotor pattern-generating 
circuitry within the spinal cord of 
larval Xenopus laevis are conveyed 
to the brainstem extraocular 
motor nuclei and potentially 
contribute to gaze stabilization 
during locomotion. Appropriate 
spinal network-extraocular motor 
coupling not only persisted during 
actual undulatory tail movements 
in semi-intact preparations, but 
also during fictive locomotion in 
isolated brainstem- spinal cords 
without any movement-derived 
sensory inputs. This suggests that 
inherent feed-forward signalling 
may be used in combination with 
sensory feed-back to counteract 
the visual consequences of tadpole 
self- motion, with major implications 
for understanding gaze control in 
general.
Experiments were conducted 
on pre-metamorphic Xenopus 
tadpoles (stage 55 [3]; see transport; both proteins belong to 
the RND superfamily of proteins, 
originally defined by bacterial channel 
and transporter proteins involved in 
resistance, nodulation and division. 
These similarities have led to the 
suggestion that Ptc might function by 
transporting antagonists or agonists of 
Smo across the plasma membrane. Two 
lines of evidence have provided support 
for such roles of Ptc: in one study the 
secretion of pro-vitamin D3, which can 
act as an inhibitor of Smo, was shown to 
be promoted by Ptc activity. On the other 
hand, cholesterols and oxysterols have 
been shown to act as Smo agonists, 
prompting the suggestion that Ptc might 
regulate Smo by transporting these 
lipids away from Smo. Neither of these 
contrasting mechanisms addresses 
directly the control of Smo localisation 
by Ptc. Intriguingly, Ptc itself has now 
been found to shuttle to and from the 
primary cilia in response to Hh activity. 
In contrast to Smo, Ptc localises to the 
cilia in the absence of Hh signal, but 
is removed from them on binding to 
Hh. Thus, the primary cilia act not only 
as a centre for the regulation of the 
intracellular components of the pathway 
but also as a sensor for the extracellular 
ligand.
The analysis of Hh signalling has given 
us many new insights into how cells 
sense and respond to signals and has 
illuminated our understanding of how 
such signals are deployed to generate 
cellular diversity during development. 
The sheer variety of its effects still poses 
important questions about the molecular basis of the differential response of 
cells to varying levels and duration of 
signalling activity and the nature of the 
differing competence of cells to respond 
to the same signal. Key unresolved 
issues include the biochemical function 
of Ptc and the way in which it regulates 
Smo activity as well as the role of the 
primary cilium in sensing and responding 
to the signal. Despite the novelties of Hh 
signalling, there are still some striking 
similarities between it and the other 
systems deployed by metazoans, most 
notably the Wnt pathway. In this respect, 
none of these signalling pathways  
seems unique; and the  
loss from nematodes of genes  
encoding key components of the Hh  
pathway — including Smo, SuFu 
and Fused— indicates that not all 
are indispensable for multicellular 
development.
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